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1. INTRODUCTION  
Calcium silicate are present in the binder of many mortars used in the Cultural 
Heritage, such as lime-pozzolan mortars or hydraulic mortars. After hydration the 
calcium silicate give rise to an amorphous hydrated calcium silicate (called C-S-H† 
gel) whose structure resembles that of the tobermorite and jenite minerals. However, 
while the C-S-H gel has no well-defined stoichiometry, the other two minerals are 
crystalline with a well-established chemical formula, Ca5Si6O16(OH)2·4H2O for 
tobermorite and Ca9Si6O18(OH)6·8H2O for jenite. Both minerals have a Ca/Si ratio of 
0.83 and 1.5 respectively, while the C-S-H gel has a variable stoichiometry, 
presenting Ca/Si relations ranging from 0.5 to 2.1.  
C-S-H gel can be prepared by different methods, including i) hydrothermal reaction1 
of CaO and SiO2, ii) aqueous reaction of CaO and SiO2, iii) aqueous reaction of 
Ca(NO3)2·4H2O and Na2SiO3∙5H2O (double decomposition method
2), and iv) 
mechanochemical reaction3 of CaO and SiO2. Different preparation methods lead to 
variations in structure of C-S-H. 
Some disadvantages come from hydrothermal and mechanochemical synthesis 
since they need a long time to assess the complete hydration of the SiO2 and CaO 
compounds; furthermore, portlandite is formed as a secondary reaction product.  
Due to the low crystallinity of C-S-H gel, spectroscopic techniques such as Micro-
Raman; Fourier Transformed Infrared (FT-IR) and Nuclear magnetic Resonance 
(NMR) are the most suitable methods to characterize the structure of the compound. 
                                                          
1
Mostafa et al., “Hydrothermal synthesis and characterization of aluminium and sulfate substituted 1.1 nm 
tobermorites”, 332–337. 
2
Chen et al., “Solubility and structure of calcium silicate hydrate”, 1499–1519. 
3
 Saito, Mi, and Hanada, “Mechanochemical synthesis of hydrated calcium silicates by room temperature 
grinding”, 37-43. 
 
 
The synthesis of the C-S-H gel was done in different ways: a) the double 
decomposition and b) hydrothermal, using aqueous solutions of Ca(NO3)2·4H2O and 
Na2SiO3·5H2O. The formation of the amorphous compound was monitored by 
Raman and Infrared Spectroscopy. X-Ray Diffraction (XRD) analysis was done in 
order to follow the crystalline calcium silicate phases formed under hydrothermal 
synthesis. 
 
2. METHODS & METHODOLOGY 
With regard to the double decomposition method (sample (1)), C-S-H gel was 
prepared using stoichiometric mixtures of Na2SiO3∙5H2O and Ca(NO3)2∙4H2O 
dissolved in CO2-free deionized water, in order to obtain a C-S-H gel with an atomic 
Ca/Si ratio of 2.0. The amounts of the starting materials were 0.5 mol and 1 mol 
respectively, thus the water/solid ratio was 52 (by weight). 
Once Ca(NO3)2∙4H2O is slowly added into the Na2SiO3·5H2O solution, a jellied 
precipitate is immediately formed and, after that a solution of NaOH is added so as to 
adjust the pH at 12.0-12.5. The reaction was left one day under stirring at room 
temperature. 
In regard to the hydrothermal method (sample (2)), the same steps were followed but 
the reaction was left in a teflon container thirty minutes at 100 ºC. 
The solutions were correctly filtered, and the precipitates were washed three times 
with CO2-free deionized water followed by ethanol. Finally, the samples were stored 
in vials inside a desiccator. 
Each sample was analyzed by three different techniques. Micro-Raman and FT-IR 
were used in order to monitor the formation of the amorphous compound and also to 
obtain a mineralogical characterization. Finally, XRD was crucial so as to follow the 
crystalline calcium silicate phases formed under hydrothermal synthesis.  
Micro-Raman analysis was performed with a confocal Raman microscope Renishaw 
Invia equipped with a Leica microscope and an electrically refrigerated CCD camera. 
Laser excitation line was provided by a diode laser (785 nm wavelength, 25 mW 
power). The spectra were obtained using a 50x magnification objective, a spectral 
resolution of 4 cm-1, a 10-s exposure time and 20 accumulations per spectra in the 
range of 100-1200 cm-1 in order to increase signal/noise ratio. The frequencies were 
calibrated with silicon. 
 
 
Infrared spectra were recorded in the range of 400-4000 cm-1 using a FT-IR 
spectrometer Bruker IFS66, a Globar source and a DTGS detector. The samples 
were mixed with KBr with a sample/KBr ratio of 1/200 and compressed to give 
pellets. 
Raman and FT-IR spectra were normalized to the C-S-H gel most intense band, 
which were 670 and 690 cm-1 respectively. 
The XRD patterns for the samples were recorded on a Bruker AXS D8 Advance 
diffractometer fitted with a Lynxeye super speed RX detector, a 2.2-kW Cu anode 
(Κα 1.54056 Å) and no monochromator. The scanning range, from 5 to 60°, was 
covered in a 24-minute period. 
 
3. RESULTS & DISCUSSION 
The Raman spectra (Fig.01) of both samples reveal the presence of an amorphous 
compound which is identified as C-S-H gel due to a strong band at 669 cm-1 (SB Si-
O-Si). Furthermore, there are other broad bands which prove the formation of this 
compound, such as 1011 (ν1 SiO4 SS of Q
2), 838 (ν1 SiO4 SS of Q
1), 490 (ν4 SiO4), 
447 (ν2 SiO4 Onon-Si-Onon) and 315 cm
-1 (Lattice vibrations Ca-O). Nevertheless, the 
presence of amorphous and crystalline calcium carbonate can be detected in the 
samples with the main bands at 1076 cm-1 and 1080 cm-1 respectively. Additionally, 
for the sample hydrothermally synthetized small sharp bands at 411, 840 and 865 
cm-1 can be due to a crystalline calcium silicate formed under heating conditions. 
The mid-IR spectra (Fig.02) show a complex group of bands centred at 970 cm-1 
which is related to the symmetric and asymmetric stretching vibrations (Si-O) of Q2 
tetrahedra in tobermorite (T) and jennite (J). Thereby, bands at 1047 (T, J), 996 (?), 
983 (T) and 954 cm-1 (J) were assigned to previous minerals. There are other bands 
associated to C-S-H gel such as, 664 (bending Si-O-Si), 514, 463 and 451 cm-1 
(internal deformations SiO4).  
Moreover, another two compounds can be identified as calcium carbonates. The 
main bands at 1484 and 1420 cm-1, enable us to identify amorphous calcium 
carbonate and calcite respectively, which is in line with Raman results. The band at 
1637 (bending H-O-H) and the broad bands at 3442 and 3241 cm-1 (stretching H-O) 
correspond to water and hydroxyl groups in the C-S-H gel structure. 
The X-ray diffraction (Fig.03) exhibit very broad bands due to the low crystallinity of 
the sample. Tobermorite is the only compound which can be identified, and there are 
 
 
doubts with the identification of calcite and other crystalline calcium silicate phases 
because the quantity of these compounds is below the detection limit.  
 
4. CONCLUSIONS 
Laboratory reaction to produce synthetic calcium silicate hydrate was satisfactory. 
Calcium silicate hydrate gel was synthetized under hydrothermal conditions using 
calcium nitrate and sodium metasilicate as starting materials. Both tobermorite and 
jenite were identified by FT-IR, however by XRD only tobermorite was detected. No 
other crystalline phases, as carbonate and/or anhydrous calcium silicate were 
distinguished in the diffractogram, due to the low quantity present in the sample, 
considering that both phases were identified by Raman and FT-IR. 
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